Estimation of wind soil erosion in a semi-arid region of Mexico
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ABSTRACT

Land degradation is a global problem. One of the main factors of this degradation is
intense winds in the world's arid and semi-arid regions. The wind acts on soils without
vegetation cover in increasingly large regions. The impact of dust storms is considerable,
from massive soil deterioration to health problems. In the arid regions of northern and
central Mexico, the problem of changing land use from grasslands and forests to rainfed
agriculture has increased notably in recent decades. Recurring dust storms due to winds
associated with the passage of cold fronts have become a severe environmental problem.
The Weather Research and Forecasting Model (WRF-Chem) was applied to analyze dust
storms that occur mainly during the winter. An analysis was performed for wind speed data
in the period from October 2005 to April 2018. It revealed that about 20 events per year
exceeded a threshold erosion speed of 9 m/s. Fifteen events with the potential to generate
dust storms were selected. The total amount of dust emitted was added together, and an
average dust storm was calculated. Since the massive land-use change began
approximately 50 years ago, a total erosion effect was estimated for this period. The
characterization of eight soil samples revealed the texture of fine silty sands with low clay

content and low organic content due to the mechanical processes of removing the finest
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fraction. Comparison between observed and modeled dust storm events showed good

agreement.
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1. Introduction

The world-wide urban expansion and the corresponding demands of food of the growing
population have led to a severe land-use change (Foley et al., 2005). In many cases, the
change in land use has mainly been in grasslands and forests into rainfed agriculture and
only in some cases irrigation system. The Land Use Change (LUC) has occurred mainly in
tropical and semiarid regions of the world (Lambin et al., 2003), where the drought
phenomenon is most common (Allen, 2009; McLeman et al., 2014). Additionally, many of
these regions are also influenced by intense winds during winter. It causes unfavorable
conditions to those areas on which strong wind generates a high soil loss. The wind
erosion process in the medium and long term leads to the emergence of desert forms as
dunes and sandy soils. Wang et al. (2004) document the phenomenon of the formation of

desert areas in different parts of the world.

The degradation of the soil in any form is a global problem, and whose immediate
consequence is evident in the decrease in the productive capacity of the agricultural soil
(Rodriguez Moreno et al., 2017). Wind erosion and soil deterioration are mainly
phenomena in arid and semiarid regions (Dong et al., 2000; Prospero et al., 2002). Wind
erosion has some impacts, including dust storms, decreased soil productivity, reduced
carbon soil absorption, and global climate change (Schoijet, 2005). In China, the land use
on rangeland zones in semiarid and arid areas introducing mixed farming-grazing
practices resulted in land degradation caused by wind erosion (Wang et al., 2004). In
Colorado Plateau in the USA, the vegetation cover changes, mainly in perennial
vegetation, accelerated the rates of dust emission caused by wind erosion (Munson et al.,
2011). Land-use change interacting with strong wind is one factor that influences the wind
erosion process in southern Iran; this process increases with the increase of the
agricultural area (Rezaei et al., 2016). The impact of human activities in semiarid
environments has reduced productivity and consequently suffered a loss of biodiversity
(Reynolds and Stafford Smith, 2002). In northeastern Mexico, another activity that impacts
the soil is excessive grazing caused by goats, which produces a decrease in the
vegetation cover of the land by reducing the coverage of shrubs that result in land
degradation and make it susceptible to processes of desertification (Manzano and Navar,
2000). Based on remote sensing to describe desertification in Mexico's semiarid region,

Lira (2004) proposes a desertification model considering three variables and finally



classified into four groups according to the desertification grade. The study concludes that
the very high desertification grade is present when vegetation is absent, and highly
reflective soil suffers the meteorological phenomena. Although the low desertification
grade was associated with areas with emerging agriculture fields, the results correspond to

the summer when the high-density vegetation is present (Lira, 2004).

In northern Mexico and the southwestern United States, some studies have been carried
out on wind erosion in the region's relevant desert areas, the Altar desert and the
Chihuahua desert (Rivera-Rivera et al., 2009 and 2010; Fitzgerald et al., 2013; Pineda-
Martinez et al., 2011; Alvarez and Carbajal, 2019). The importance of investigating wind
erosion and its relation to soil loss lies in determining the desertification process, in
addition to the impact on factors such as deterioration of air quality (Alvarez and Carbajal,
2019), low visibility (Choi and Fernado, 2008), and the effect on radiation budget (Pineda-
Martinez et al., 2011). Arid and semiarid regions with low vegetation density, are
particularly prone to wind-blown dust (Alvarez and Carbajal, 2019). In central-north
Mexico's semiarid region, evidence about land-use changes is mostly in Microphyllous
scrub and rangeland areas change into rainfed farming (SEMARNAT, 2013). In the north-
central region of Mexico, there was a massive change in land use from pasture and forest
to rainfed agriculture in the last five decades. It is necessary to protect ecosystems against
possible changes in land use in areas susceptible to deterioration of soil quality, and it is
essential to investigate the damage caused by massive land use change. In the southern
part of the Chihuahua desert in Mexico, a process of soil deterioration is currently taking
place due to the high winds associated with the passage of cold winter fronts that extend
through the region. The main objective of this research is to quantify the land degradation

due to wind erosion by applying numerical modeling.
2. Materials and Methods
2.1 Study area

The Chihuahua Desert is identified as an important soil dust source (Prospero et al. 2002;
Rivera-Rivera et al. 2009). Specifically, the study area is located in a semiarid region in
central-northern Mexico in the southernmost part of the Chihuahua desert, predominantly
in the state of Zacatecas (Figure 1a) on the central plateau of Mexico. The region is

predominantly a semiarid environment crossed by the Tropic of Cancer between the



principal mountain ranges of the Sierra Madre Occidental and Sierra Madre Oriental (Brito-
Castillo et al., 2009). Total annual precipitation varies between 500 mm and 200 mm in the
southern and northernmost parts of the state. Desert scrubland and semiarid grassland
characterize the vegetation of the region predominantly. The main vegetation categories
can be assumed as five main ones described by Rivera-Rivera et al. (2009) as bare soils,

agricultural lands, shrub/scrub, grassland, and urban areas.
2.2 Data

Meteorological data were obtained from the network of automatic stations
(http://www.zacatecas.inifap.gob.mx) and additionally from the International airport of
Zacatecas (ZCL) (Figure 1b). A detailed analysis was performed for wind speed data in the
period from October 2005 to April 2018. A threshold of 9 ms™ of sustained wind speed
data was applied. This threshold velocity is a necessary condition for the dragging of dust
that can lead to dust storms formation (Liu et al., 2008; Csavina et al., 2014). Additional

data of temperature and relative humidity were also obtained for outputs model validations.

Considering that the wind speed threshold for sediment transport is satisfied in all selected
meteorological stations, we select 15 events occurring between 2006 and 2018. The
principal aim was to apply the Weather Research and Forecasting Chem (WRF-Chem) to
simulate dust storms that occur mainly during the winter (Kumar et al., 2014; Su and Fung,
2015). The model was fed every six hours with data from the National Centers for
Environmental Prediction (NCEP) using the Global Forecast System (GFS) with a
resolution of 0.5° x 0.5° degrees. The data include surface variables and three-
dimensional variables like temperature, water vapor, and vertical wind profiles in 29
pressure levels (1000 — 10 hPa) (Song, 2018). The WRF-Chem configuration included two
domains (Fig. 1a). The configuration of the first domain was 120 x 120 points with a grid
size of 15 km. The second domain was 176 x 176 points, with a grid space of 3 km. The
domains' central coordinates were established at 22.43° N for latitude and 102.65° W, with
29 vertical levels. The physical settings used in the experiments were the WRF Single-
moment 3 Class (WSM3) for the microphysics (Hong et al., 2004), the RRTM scheme for
longwave radiation (Mlawer et al., 1997), the Dudhia scheme for the shortwave radiation
(Dudhia, 1989), the MM5 scheme for the surface layer (Paulson, 1970), Unified Noah for
the land-surface model (Mukul Tewari et al., 2004), and YSU for the planet boundary layer

(Hong et al., 2006). The dust emission model calculations were performed using an inert



chemical mechanism that considers only dust concentration. Several parameterizations
are included in the WRF-Chem to estimate the amounts of dust emission. In this work,
Shao's scheme (2004) was used for the friction velocity threshold, the horizontal sand flux,
and the vertical dust flux (Kang et al.,, 2011). Additional data for synoptic charts were
generated by using the NCEP NARR database of the NOAA/ESRL Physical Science

Division, Boulder, Colorado (available at https://psl.noaa.gov/). Composites were

calculated for all events using the climatology of 1981 to 2010 (Mesinger et al., 2006).¢

2.3 Soil Sampling

An essential aspect of this research was to obtain information about soil properties. For
this purpose, eight soil samples were collected in areas previously identified as dust
emission areas in the simulations. The eight samples of soil was classified by the size
system of classification used by the U.S. Department of Agriculture (USDA) (Gee and Or,
2002). The samples were separated using seven sieves with the following size openings:
125 pym, 180 pm, 250 pm, 500 pym, 600 um, 1 mm, and 2 mm. The soil samples results
separated in sizes were plotted to know the size distribution of the soil particles in the

study area. These sizes were compared with the particle sizes used by the WRF-Chem.

3. Results

Figure 2 displays the percentages of soil particle size distribution. Sampling sites were
selected for a degradation gradient defined by vegetation indices calculated using satellite
images (data not shown). The total samples have a low percentage of the fine-sized grain
and clay fraction (<180 pm), indicating soils with loss of fine material. Samples 2 and 7
had the highest percentage of fine sizes, and they were collected in bean cultivation plots.
Samples 3, 4, and 5 have a higher proportion of sands > 2 mm). In contrast, the smaller
proportion of finer dimensions (<125 ym less than 7%). The total samples vary in the
following form: a low percentage of sizes between 125 ym and 180 ym and in sizes <500
Mm. In contrast, there is a higher percentage in intermediate sizes (<250 pm) indicating a
size classifications as poorly graded sand with silt content (Alfaro and Gomes, 2001; Gee
and Or, 2002).



The soil texture for the study area was classified as fine silty sands with low clay content
and, in general, with low organic content (Gee and Or, 2002). The samples also show high
content of silicates and quartz as previously reported for this region (Lee at al., 2009;
Rivera-Rivera et al., 2010; Pineda-Martinez et al., 2011). It is relevant to mention that the
samples correspond to sites identified as dust emission sources (Pineda-Martinez et al.,
2011).

The synoptic conditions that prevail in winter promote an intensification of wind due to the
air masses trough (fronts) traveling from high latitudes towards the south. Some authors
have documented the influence of cold fronts on the intensification of winds that generates
soil erosion phenomena worldwide (Prospero et al.,, 2002). The impact has been
investigated, for example, in The Great Basin in the Salt Lake region in Utah (USA)
(Hahnenberger and Nicoll, 2012; Schultz and Steenburgh, 2020). Several investigations
showed the effect that large dust storms generate towards the New Mexico region and
Northwest Texas in the Dust Blow region (Lee and Gill, 2015; Prospero et al., 2002; Skiles
et al., 2018). These systems also generate dust storms from the southwestern USA region
and in northwestern and central Mexico (Alvarez et al., 2020; Rivera-Rivera et al., 2009;
Rivera-Rivera et al., 2010).

There is a meteorological pattern that defines these phenomena of dust erosion and
dispersion (emission). The synoptic meteorological conditions lead to Dust Events Days
(DED); for instance, 68% are associated with this cold front synoptic environment
(Hahnenberger and Nicoll, 2012). The analysis of data in the northern region of Mexico
allowed identifying dust storm events based on the maximum velocity criteria for a specific
area where this kind of event has been previously reported in the central highland region
(Altiplano) (Pineda-Martinez et al., 2011). Figure 3 shows the synoptic charts for the
geopotential height (HGT) at 700 hPa. A recurring pattern of a high-pressure zone is
observed at middle levels in the atmosphere, indicating a pressure edge in the cold air
mass that drives the front, in all analyzed cases, from the USA-MEX border to central
Mexico, i.e., just in the study region. This entire region is then an erodible zone located in
the Chihuahua Desert (Rivera-Rivera et al., 2009).



The cyclonic dynamics of the frontal system propagation is a condition of instability that
causes an intensification (Schultz, 2005; Schultz and Steenburgh, 2020). This
characteristic of frontogenesis is associated with a shift of winds and an intensification of
the gusts of wind. The pressure gradient at the 700 mb in northwestern Mexico level drives
the movement of cold air. Sometimes the intensification of winds has been observed after
the front passage, for example, for the Utah region in the USA (Mallia et al., 2017). In the
altiplano (MEX), wind intensification occurs before the air mass passage (Pineda-Martinez
et al., 2011). Geostrophic balance controls the dynamics in the first approximation. The
dynamics of the front varies depending on the region and the orientation (Schultz, 2005).

In Figure 4, the data shows the compounds for the DED identified as a dust storm event in
the study region. Interestingly, the maximum gradient appears just in that transition in

advance of the front that coincides with the region of maximum erosion (emission).

Winds vary seasonally in direction and intensity in the region (Figure 5a). During the winter
months, the average wind speed is higher than in the summer. The wind direction is
predominantly from South-Southwestern in the winter months. Figure 5a shows the
average annual wind speed data of the eight automatic weather stations. From December
to April, even May, winds speed intensify as a condition generated by the passage of cold
air masses from the north, as a condition of the geostrophic balance (Schultz and
Schumacher, 1999; Pineda-Martinez and Carbajal, 2009). During winter in the
Chihuahuan Desert, the increase in wind speeds is associated with the passage of cold
fronts. These months of intense winds are also low or null rainfall in the Chihuahua Desert
(Choi and Fernando, 2008). Both conditions cause a more significant impact on the
generation of wind erosion, and consequently the degradation of soil (Rivera-Rivera et al.,
2009; Lee et al., 2009), but also as a significant factor of emission of particulate matter into
the atmosphere as fugitive emissions (Prospero et al., 2002). These emissions generate a
deterioration in air quality in cities and the small towns near this emission zone, even in
more remote regions (Prospero et al., 2002; Pineda-Martinez et al., 2009; Alvarez and
Carbajal, 2019).

Figure 5b shows the number of days where the wind speed exceeds 9m/s, a speed from
which there is a high potential for a dust storm event to develop. In Mexico, the National
Meteorological Service counted an average of 44 cold fronts events for the winter season,
from September to May, from 2001 to 2016 (SMN, 2018). In this research, the data from



automatic stations allowed the identification of 18 potential events as dust emitters for the
period 2005-2018.

Figure 6 shows the prevailing weather conditions for the previous day and the day of the
dust event (DED) for the emission area. The data correspond to the Zacatecas
International Airport (ZCL) located near the simulation domain's central point. We obtain
the hourly average of the 15 DED's of parameters of Sea Level Pressure (SLP),
temperature, wind, daily maximum wind, and dew point. In all the front passage cases, the
main characteristic is that the wind intensifies between 12 and 15 hours of the DED,
presenting the maximum peaks in gusts during those hours. These maximums also
coincide with a decrease in SLP and Dew Points. There is no marked decrease in

temperatures at the front entrance until the cold air mass in the area is established.

4, Discussion

Table 1 shows a summary of the values of each event simulated by WRF. All events
correspond to 2006 - 2018 and between December and April when cold fronts activity is
maximum. The maximum concentration values correspond to the events between
February and April when the wind speed is higher and the relative humidity is the smallest.
The wind speed data also indicate that in some years, the events are more intense, and
consequently, the values of PM10 increase as in April 2009 and February 2011. There
was also one of the most critical droughts in North America (Seager et al., 2014). In
contrast, the years with lower concentrations (2006, 2017) are associated with decreased

average wind speed.

The impact of dust storms is considerable, causing massive soil deterioration and health
problems due to high air dust concentrations. Based on the average maximum
concentration of PM10, each event was grouped into four intensity categories: weak,
medium, high, and extreme. Although the amount of PM10 is related to the wind intensity,
the classification is probably incomplete due to the complexity of the erosion process.
Several factors include the specific incidence of the wind (direction and speed) on the
agricultural land areas with high erosion potential, the pre-existing humidity in the soil, and

in general, the environmental conditions that determine the loss of soil in this semiarid



region. Since this work aims to analyze the loss of soil, the criteria of PM10 issued are

established.

The Figure 7 displays each event feature in particular; they revealed defined patterns of
the sources and the dust plume. The calculated events reveal that the front (trough)
temporality and spatiality define the maximum point of erosion and dispersion. The highest
number of cases was in group IV (low) with a maximum emission of 34 ug/m3. In group I,
the medium intensity was between 60 and 120 pg/m3. The high-intensity group Il had an
average concentration between 50 and 150 ug/m3, above the Mexican Standard (75
Mg/m3, an average of 24 hours). On February 3, 2011, the only extreme case had a
concentration value of more than 350 pg/m3. This case occurred during a period of
extraordinary drought that impacted much of Mexico and the southern USA (Seager et al.,
2014).

The emission and transport of dust have a considerable variation depending on the
emission source points. It is a more complicated matter to define a priori their
characteristics due to the landscape heterogeneity. However, there is a very similar plume
pattern in all simulated events, i.e., SW-NE plume orientation, coinciding with the dominant

and intense winter winds.

Another characteristic of storm events is duration and persistence. In events of higher wind
speed, the transport of dust particles will reach a more considerable distance. In some
cases, storms generated in central Mexico have been reported that reach the north of
Texas in the USA (Lee et al., 2009; Pineda-Martinez et al., 2011). Seasonal wind patterns
also have high interannual variability. It indicates that in some years, the emission of dust
will be extreme. For instance, on February 3, 2011, an extreme dust storm occurred.
Figure 7a reveals that the concentrations reached values of 520 ug/m3. The emission
areas are different; in this case, they are displaced to the east, and the substantial
emission range reaches an extension of more than 100 km. In adjacent areas, the

emission values are of the order of 160 ug/m3.

In the fifteen selected DED’s wind rates higher than 9 m/s, the total dust emission varied
between 1.2 tons and 937 tons. It means that not all winds higher than the threshold speed

caused dust storms; other factors intervene as a previous rain or even the wind direction.



In urban areas close to the study area, air quality data reported during the winter periods
exceeded the Mexican standard in maximum values of 24 hours, for several days. During
the years 2006, 2007, and 2008, in cities such as Torreon (210 pg/m3), Durango (180 g/
m3), and Zacatecas (200 pg/m3), average monthly values reached values above the
Mexican standard between November and March (SEMARNAT, 2018).

High concentrations of dust are mainly associated with the increase in wind intensity
associated with the passage of cold fronts annually. It is a fundamental consequence of
the massive change in land use from pasture and forest into agriculture. Besides wind
erosion, soil deterioration is also caused by the prevailing open-pit mining activity

prevailing in the region.

In recent decades this region has undergone a rapid land-use change, mainly from
grassland and shrublands to rainfed agriculture. It is relevant to note that agriculture in the
semiarid region has been related to areas of the scarcity of water sources, severe soil
degradation, and atmospheric pollution by mineral dust, hence the importance of
conducting a study on the erosion processes that occur in this area (Wani et al., 2009). In
this region, the rainfall is low during the winter, and the vegetation cover is minimal.
Consequently, much of the soil is repeatedly exposed to erosion due to strong winds
associated with the passage of cold fronts. Wind speeds analysis revealed that the wind
records exceed the speed threshold of 9 m/s for erosion or dust removal in up to 20 events
per year in meteorological stations located in the region. However, it is necessary to have

better certainty about the formation of a dust storm.

Previous studies on this region reported that soil loss by wind erosion was between 35 and
40 tons/ha (Echavarria-Chairez et al., 2009). Pineda-Martinez et al. (2011) estimated a soil
loss of about 9162 tons in 12 hours in a dust storm simulation. Since in the study region,
reddish soils are dominant, Figure 8 shows a typical reddish dust storm (March 18, 2008).
The image reveals the position of large areas of dust emission. It is important to note that
not all dust storms are recorded on satellite images, and measurements of PM10 or PM2.5
at weather stations often do not give the true extent of the dust storm. Based on the study
of wind speeds in the eight weather stations mentioned above, it is estimated that there

are at least nine dust storms per winter.



The potential loss of soil due to wind is a key factor not only in biological degradation
processes but also in matters of air quality. The evaluation of the effect of dust storms
generated by intense wind speeds is crucial to estimate the potential effect of deterioration
on the farmlands of the region. Several experiments were carried out to calculate the dust
emitted during each simulated event as a first exercise of potential soil loss through the
application of the WRF-Chem model. In each modeled dust storms, the principal aim was
to calculate the amount of total mass of dust emitted during the storm at each grid point
considered as an area source. The next step was to calculate an average composite of
emissions in each grid point during the 15 storms of modeled dust. The composite allows
having a first idea of the average magnitude of the erosion process by area sources in the
study period. The yearly average composite allows extrapolating for a total of 50 years,
from the early 1970s when an intense change in land use occurred due to the agricultural
policies implemented in Mexico. Figure 9 displays the calculated total dust emitted by 450
events in 50 years. This calculation shows the potential for soil loss due to wind effects,

which coincides with some previous estimations (Echavarria-Chairez et al., 2009).

5. Conclusions

In the north-central part of Mexico, soil erosion occurs due to intense winds associated
with the passage of cold fronts. When the winds are very intense, they cause dust storms
with concentrations higher than those established by Mexican standards for PM10 and
PM2.5. It implies a severe state of environmental pollution. The fundamental cause of this
soil degradation is the massive change of land use towards rainfed agriculture. Seasonal
wind patterns have high interannual variability; this indicates that the emission of dust
could reach extreme conditions in some years. An analysis of thirteen years of wind data
was carried out, finding an average of nine cases of strong winds that exceed the speed
limit for dust removal. Of these identified cases of a dust storm, fifteen were selected to be
modeled. From these fifteen dust storms, an average dust storm was obtained, and.
Assuming that the land-use change process is over 50 years old, this average storm was
extrapolated to 50 years. In this way, we obtained a first estimate of the spatial distribution
of the mass of dust emitted in 50 years. It was found that concentrations in modeled dust
storms exceeded Mexican standards; it agrees with observed data that are of the same
order of magnitude. The methodology proposed in this work can help investigate further

this environmental problem that occurs clearly in the semiarid areas of Mexico.
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Table 1.

Summary of dust events simulated applying the WRF-Chem model. The data correspond
to the central point of the D1 in WRF-Chem and the observation data from the
meteorological station of Zacatecas International Airport (ZCL). Temperature and relative
humidity (RH %) are the 24hour averages for the day of the event. Wind represents de
maximum value reached during the DED.

Temperature RH (%) Max Wind

Date of DED (°C) (m/s)
WRF ZCL WRF ZCL WRF ZCL
Dec 29, 2006 5.0 9.9 40.8 43.5 15.8 15.6

Jan 31, 2007 10.3 9.5 59.6 55.3 18.2 12.8
Feb 14, 2007 12.0 13.9 26.5 24.5 14.3 13.9
Feb 16, 2008 13.9 13.9 30.7 25.8 12.3 12.8
Apr 11, 2009 16.9 18.6 25.1 21.8 17.0 15.6
Dec 01, 2009 9.1 10.5 53.9 68.0 19.7 18.1
Mar 09, 2010 11.6 15.1 24.6 43.0 17.4 15.6
Feb 3, 2011 9.9 12.6 64.1 40.9 17.8 17.5
Mar 20, 2012 11.8 14.3 32.7 32.5 12.5 14.4
Feb 21, 2013 12.4 15.2 39.2 30.3 12.4 15.6
Dec 27, 2015 10.1 12.0 48.6 48.7 17.9 18.1

Mar 9, 2016 10.5 7.1 49.0 55.7 18.2 18.1
Feb 13, 2017 14.1 171 30.6 25.8 10.9 12.8
Dec 7, 2017 9.1 15.1 46.5 40.0 12.2 18.1

Apr 10, 2018 16.2 17.9 38.8 26.3 30.8 18.1
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Figure Captions

Figure 1. a) Location map of the study area, dotted lines indicate the simulated area in
WRF-Chem D1: domain one, D2: domain two and b) satellite image of a zoom area, red
dots indicate the localization where the soil samples were taken, and numbers correspond
to weather station: 1) Abrego, 2) COBAEZ, 3) Emancipacion, 4) Las Arcinas, 5) Mesa de
Fuentes, 6) Rancho Grande, 7) Santa Rita, 8) U.A. Agronomia, and 9) ZCL International
Airport.

Figure 2. Particle size from eight soil samples in the study area.

Figure 3. Composite chart for all dust event days (DED) at 700 mb geopotential height (m)
from NCEP/NCAR reanalysis. The left column corresponds to composite mean for (a) The
previous day of the event (-1 DED), (b) For the event date, and (c) the following day (+1
DED). In the right column are displayed the anomalies for (d) the previous day of the event
(-1 DED), (e) for the event date, and (f) the following day (+1 DED).

Figure 4 Composite of the 15 events just for DED for, a) Composite SLP and wind

vectors, b) surface temperature and c) relative humidity.

Figure 5 a) Annual monthly Averaged wind speed for the eight weather stations, and b)

Number of the days exceeding the wind speed umbral (>9 m/s).

Figure 6. Average hourly data for the 15 DED's at the center of the domain at Zacatecas
International Airport (ZCL), (a) Average hourly wind and maximum wind graphs, and (b)
Sea level pressure (SLP), temperatures and Dew point. The data are shown for a previous
day (-1 DED).

Figure 7. WRF-Chem data from dust storm events groups. a) The group | represent the

extreme case of February 3, 2011. Group |l of High intensity of cases b) December 29,



2006, c) January 31, 2007, and d) April 11, 2009. Group Il of the medium intensity of
cases e) December 1, 2009, f) December 27, 2015, g) March 8, 2016, and h) April 10,
2018. Group IV of Low intensity of cases i) February 14, 2007, j) February 16, 2008, k)
March 10, 2010, 1) March 20, 2012, m) February 21, 2013, n) February 14, 2017 and o)
December 7, 2017.

Figure 8. Reddish dust storm in the study area. Moderate Resolution Imaging
Spectroradiometer (MODIS) image, acquired by NASAs Aqua satellite on March 18, 2008.

Figure 9. Estimation of total potential soil loss in 50 years by wind erosion effect. The

areas correspond to the model WRF-Chem grids considered as dust area sources.



